Introduction 42
Shiga toxin-producing Escherichia coli (STEC) is a frequent cause of food-borne 43 outbreaks of diarrhea and hemorrhagic colitis (26) and can produce the life-threatening 44 complication of hemolytic uremic syndrome (29) . STEC comprise a group of >150 45 serovars (2), with STEC serotype O157:H7 reported as the most common serotype 46 associated with human diseases (36). However, serovars O26, O45, O103, O111, O121, 47
and O145 have emerged as other important STECs associated with human illness in the 48
U.S. (5). 49
Shiga toxins (Stxs) are the major virulence factors contributing to STEC 50 pathogenicity. Stxs are AB 5 holotoxins and are comprised of one A subunit (32 kDa) and 51 five B subunits (7.7 kDa) (13, 14) . Stx A subunit is an enzymatically active N-52 glycosidase that inhibits the activity of ribosomal RNA by cleavage of an adenine base 53 from the 28S ribosomal RNA component of the eukaryotic ribosomal 60S subunit, 54 causing protein synthesis to cease and resulting in cell death (10). Stx B subunit is 55 responsible for binding to host cells through interaction with globotriaosylceramide 56 (Gb3) present on the surface of cells (28), leading to subsequent internalization of the 57 toxin. Stx2e is an exception, which binds preferentiallyto globotetraosylceramide (Gb4) 58 (8) . Stx genes are encoded within bacteriophages in Escherichia coli (E. coli) and 59 comprise two major groups, Stx1 and Stx2 (37). The expression of both Stx1 and Stx2 is 60 linked directly to the phage lytic cycle (48) and is induced by DNA-damaging agents 61 such as mitomycin C (31). Recent epidemiological and molecular typing studies have 62 suggested that STEC strains expressing Stx2 may be more virulent than strains 63 expressing either Stx1 or both Stx1 and Stx2 (4, 40) . 64
on June 27, 2017 by guest http://aem.asm.org/ Downloaded from 7 and Sifin 2B (clone VT136/8-H4), were purchased from Sifin Institute (Berlin, 134 Germany). Sifin 2A and Sifin 2B MAbs belong to the immunoglobulin G1 class and 135 react with the A and B subunits of Stx2, respectively. 136 137
Sampling and preparation of environmental samples 138
Environmental samples were collected and processed as described previously (7). 139
Briefly, 10 grams of soil, feces, and feral swine colon samples were transferred into a 250 140 mL sterile flask containing 90 mL tryptic soy broth (TSB, Becton Dickinson, Sparks, 141 MD) and incubated for 2 hrs at 25 ºC, then 8 hrs at 42 ºC with shaking. For induction of 142 Stx2, mitomycin C was added to cultures enriched in TSB at a final concentration of 50 143 ng/mL and further incubated overnight at 37 ºC, 180 rpm. Watershed samples were 144 enriched by adding 11 mL of 10x TSB to 100 mL of sample, and incubated as described 145 above. One mL of the enrichment broth was filter-sterilized (0.45 µm filter) and 146 analyzed for the presence of Stx2 by IPCR. 147
To test the matrix effect of environmental samples on the IPCR performance, 148 STEC-and Stx-negative samples were prepared as described above and aliquots of the 149 filtered enrichment broth were spiked with serial dilutions of Stx2 (ranging from 1 pg/mL 150 to 100 ng/mL) and analyzed for Stx2 by IPCR. 151
Pure bacterial culture supernatants were prepared from the strains listed in Table  152 1. The cells were grown overnight in Luria-Bertani (LB) liquid medium at 37ºC to an 153 optical density at OD 600 of approximately 1.8. Following centrifugation at 13,000 x g for 154 10 min at 4ºC, the supernatants were collected and filtered through a 0.2 µm filter to 155 remove intact cells and other debris. Ct value is inversely proportional to the concentration of target. The lower the target 216 concentration is, the higher the Ct value will be. It is important to note that the LOD is 217 not absolute, but is calculated relative to the value of the negative control. Therefore, 218 different ranges of Ct values will be considered negative or positive between experiments 219 depending upon the incubation conditions, purity of the Stx, the Stx type, and sample 220 matrix. 221
222

Results
223
Development of an immuno-PCR for the detection of Stx2 224
In preliminary studies, we tested a direct IPCR by coating wells of a microplate 225 directly with Stx2, probing with streptavidin-conjugated Sifin 2A MAb, and detecting 226 bound MAb by PCR of a secondary reagent of biotin-DNA conjugate. The sensitivity of 227 this method was ≥ 1 ng/mL of Stx2 (Table 2) Table 2) . 237
The sensitivity of the IPCR assay for Stx2 was compared with traditional ELISA. 238 Table 2 shows that the detection threshold for Stx2 in PBS by sandwich ELISA is 1,000 239 pg/mL, which is 10,000-fold less sensitive than our results by sandwich IPCR. In an 240 attempt to simplify the sandwich IPCR protocol, IPCR was performed using DNA 241 markers in the same wells without transferring them to separate wells. The LOD for Stx2 242 in the simplified format was 100 pg/mL (data not shown), which is 1,000-fold less 243 sensitive compared to the normal sandwich IPCR. Therefore, we used the sandwich 244 
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The success of this sandwich IPCR relies largely on the specificity and affinity of 248 the antibodies used to capture and detect the Stx2. In this assay, Sifin 2B and Sifin 2A 249
MAbs were used as the capture and detecting antibodies, respectively. Pure overnight 250 culture supernatants of reference STEC strains characterized as producing a single Stx2 251 or Stx2 variant were used as the toxin sources and tested by IPCR. As indicated in Table  252 3, this IPCR system could detect Stx2, Stx2c, Stx2d, and Stx2e present in bacterial 253 culture supernatants. The highest dilution of the supernatant resulting in a positive signal 254 by IPCR was 1:100,000 for Stx2-producing strain, RM2084; 1:100 for Stx2d strain, To determine the sensitivity of the IPCR for detection of Stx2 present in 276 environmental sample matrices, soil, cow feces, feral swine colon, and water from 277 watersheds (creek/stream, ditch) were enriched in TSB, the TSB was confirmed as Stx-278 negative by PCR and culture methods (7), then spiked with purified Stx2. shown to vary from 1 to 10 pg/mL in the broths from three different water samples and 1 283 to 100 pg/mL in feces, feral swine colon, and soil samples. These numbers were 10 to 284 1000-fold higher than the LOD obtained in PBS buffer, suggesting that complex 285 environmental samples may contain inhibitory components of the IPCR, and further 286 optimization of the method to remove negative components may greatly improve the 287 sensitivity of the IPCR for detecting Stx2 in these environmental samples. were enriched in TSB medium containing 50 ng/mL mitomycin C to induce the phage 295 lytic cycle, and supernatants of the enriched cultures were tested using the IPCR and 296 ELISA. Table 4 shows that the IPCR detected Stx2 in all samples that were shown to be 297 STEC-positive by culture and real-time PCR methods (7), and no Stx2 was detected in 298 any of the samples confirmed to be STEC-and Stx-negative, demonstrating that the IPCR 299 assay had 100% sensitivity and specificity when compared to the results of the culture 300 methods and real-time PCR of the initial enrichment broth. The average Ct values 301 obtained by IPCR for STEC-positive samples all were less than the Ct values for the 302 STEC-negative samples minus three times their standard deviation. The amount of Stx2 303 in enrichment cultures of naturally contaminated soil, feces, and water samples was in the 304 range of 0.1 to 10 ng/mL, 1 to 10 ng/mL, and 0.1 to 1 ng/mL, respectively, and 10 to 100 305 pg/mL in enriched cultures of feral swine colon samples; this was based on the 306 calibration curves constructed with the corresponding Stx2-negative samples (data not 307 shown). In contrast, the ELISA method did not detect Stx2 in all samples determined to 308 be STEC-positive by culture and real-time PCR methods (Table 4) . 309 310 Discussion 311
We have developed a novel IPCR assay for the sensitive detection of Stx2, and 312 validated effectiveness of detection with complex samples. The results indicate that the 313 sandwich IPCR assay can detect accurately at ≥ 0.1 pg/mL of purified Stx2, a 100-fold 314 increase in sensitivity compared to results (10 pg/mL) reported previously (50). One of 315 the major improvements of this IPCR assay is the use of a streptavidin-conjugated 316 on June 27, 2017 by guest http://aem.asm.org/ Downloaded from detection antibody facilitating attachment of a biotinylated DNA marker directly and 317 specifically to the immobilized antigen, rather than using streptavidin as a bridge between 318 the biotinylated detection antibody and biotinylated DNA marker (50). The removal of 319 this step improves speed and specificity, because each additional step in an amplification 320 technology can result in significant nonspecific signals. In addition, the procedure we 321 used for labeling the antibody with streptavidin is simpler and faster (setup takes about 1 322 min) than the procedure used for biotinylating an antibody. Comparison of the two IPCR 323 protocols using the same streptavidin-antibody conjugate indicated that the LOD for the 324 sandwich IPCR was 0.1 pg/mL qualitatively and 10 pg/mL quantitatively in PBS buffer, 325 whereas, the LOD for the direct IPCR was 1 ng/mL (quantitatively and qualitatively), 326
indicating that the sandwich IPCR is 100 to 10,000-fold more sensitive than the direct 327 IPCR. Theoretically, the immobilization of an antigen in the sandwich IPCR should be 328 more efficient than in the direct IPCR. In the sandwich IPCR, the anti-Stx2 MAb binds 329 to a specific epitope of the Stx2 B-subunit allowing the A-subunit epitope to be presented 330 optimally for binding of the anti-2A MAb, whereas in the direct IPCR, the attachment of 331 the analyte to the surface of the microplate is a nonspecific adsorption process that may 332 not present antigens/epitopes in the optimal configuration. This could be exacerbated in 333 detecting analyte present in complex matrices, such as environmental samples, because 334 
We determined that the sandwich IPCR is 10,000-fold more sensitive compared to 339 the ELISA; not only can Stx2 be detected in bacterial culture supernatants, but also the 340 Stx2c, Stx2d, and Stx2e variants. Stx2f was not detected. This is due probably to the lack 341 of specificity of the anti-Stx 2A and/or 2B MAbs used in the IPCR for Stx2f. This 342 conclusion is supported by the number of amino acid substitutions in Stx2f compared to 343 other Stx2 variants. The A and B subunits of Stx2f are only 71% and 82% homologous 344 to the A and B subunits of Stx2 by amino acid sequence. 345
In this study, we observed that the amount of Stx2 and variant Stx2 produced by 346 STEC reference strains and detected by the IPCR (Table 3) 
